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Cotton forms one of the basic raw materials for the bulk of the world 
textiles. Fifty years ago, cotton accounted for about 85% of the world 
consumption of major textile fibers [1,2]. However, during the very first 
two decades following the end of the Second World War, the monopolistic 
position of cotton in the world textile market was affected by the 
introduction of a series of man-made fibers. By the middle of 1960, the 
share of cotton in textiles had dropped to just 60% and in 1975 to 53.7%, 
conceding about 30% of the total world fiber consumption to man-made 
fibers, mainly because of the easy to care properties and durability of the 
latter in spite of their being less comfortable. The multi-utility of cotton as a 
fiber crop, source of rich protein edible oil and seed cake as animal feed, has 
been invaluable to mankind since time immemorial and recent economic 
analysis [3], reassures a bright future for this natural fiber [1]. 
Cotton is one of the most important commercial crops of India, which 
produced in 1976 about 6.53 million bales of cotton fiber, comprising about 
9.4% of the total world cotton production [3]. In addition to being a major 
cash crop, cotton agriculture provides employment and livelihood to over 45 
million people in India. The textile industry, which is the largest organized 
sector of our industry, provides livelihood to about 6 million additional 
people, constituting 30-40% of the total industrial employment [4,5]. Cotton 
fabrics provide maximum comfort, particularly in tropical countries and in 
humid climates, mainly due to their high moisture absorption and desorption 
capacity. Also, the fabrics can take up a multitude of dyes, thereby 
enhancing the aesthetic value of the garments [1,3]. The cotton fabrics are 
reasonably durable and can withstand heavy laundering, however, they lack 
the easy care properties of synthetic fibers. Although, the anti-crease 
properties can be enhanced by suitable chemical finishing agents, the 
strength of the fabrics invariably goes down by this treatment. This is highly 
undesirable. Such techniques may still be fruitful if the inherent strength of 
the raw cotton fiber is considerably higher. 
The improvement in technological performance of cotton fabrics, 
therefore, rests to a considerable extent, upon the progressive cotton 
breeders who can, by genetic manipulations, produce hybrid varieties 
possessing much higher strength and spinning properties in addition to 
increased yield. Under the auspices of the Indian Council of Agricultural 
Research, cotton improvement projects have been in operation since 1967 on 
an all India coordinated basis. As a result, the total cotton production in 
India rose from 5 million bales in 1966-67 to over 6.5 million bales in 1977-
78, from practically constant land acreage of 7.8 million hectares under 
cotton. 
The release of a new hybrid cotton variety in 1968, named MCU-S (with 
a staple length of 3.17 cm and spinnable up to 60-70 count) was a landmark 
in Indian cotton production. This was followed by the development of 
Sujata, Varalaxmi, CBS 1S6, MCU-8 and Hybrid-4 varieties. This gave 
India the unique distinction of making a commercial success of hybrid 
cottons for the first time in the world. Over 2.7 million bales of extra long 
cotton were produced in 1975-76. 
The combined requirement of the total cotton fiber production in the 
categories of superfine, fine and medium staple in India by the years 1984, 
1994 and 2000 AD has been worked out to be 9, 12.3 and 14.2 million bales 
respectively [6,7]. Improvements by genetic manipulations can be brought 
about if the breeder has objective data of all the characters from the plant to 
the fibers at hand, so that he can choose proper parameters for hybridization. 
Under these circumstances, a rapid emd reproducible screening of the 
existing cotton varieties for strength and spinability is essential so that the 
breeding material can be chosen in a deterministic way rather than playing 
entirely with probabilities. The complex nature of the cotton structure and 
very wide intra- and inter-variety variations have complicated the efforts for 
universal standardization of testing equipments and procedures [8,9]. 
However, the importance of fine structure of cotton and its influence on the 
strength, elongation and other mechanical properties is now well 
appreciated. Therefore, it is imperative that the improvement in cotton 
quality and its utilization should be based on an understanding of the 
structural characteristics of the fiber and changes involved therein due to 
hybridization, mechanical and chemical treatments [10,11]. 
The present investigations are an attempt to study the physical 
characteristics and mechanical properties. Along with this, the fine structure 
characteristics have been studied by electron microscopic technique. One of 
the aims of these investigations was to evolve the suitable parameters that 
would be of some assistance to the cotton breeders in evaluating varieties for 
quality breeding work. The studies have been purposefully restricted to only 
the varieties belonging to the Gossvpium hirsutum species to avoid inter-
species variations and also because it forms the main stay of the present 
production of long- and extra-long staple cottons in the country. 
Structural parameters have been evaluated in terms of gross 
morphology as external convolutions and convolution angles and the fine 
structure. The cellulose micro-fibrillar geometry has been studied with the 
help of scanning and transmission electron microscopes. An exact method 
of determining the orientation factor for the crystallite due to Wilchinsky has 
been used and has been shown to have good correlation with the orientation 
factor based on Hermans Method. A two-stage carbon replica technique lor 
surface morphological observations of cotton fibers in an electron 
microscope has been evolved and the longitudinal periodicity was observed 
along the length of the micro fibrils in many varieties of cotton, which 
suggests that the elementary fibrils may themselves be helically disposed in 
the micro fibrils. 
The mechanical properties of single fibers were determined by using 
an 'Instron Tensile Tester' and bundle strength was determined by using 
'Presley's Method' [12]. The structural-dependence of mechanical 
properties is discussed in terms of correlation coefficients. The orientation 
factor derived from the X-Ray data has been shown to have good correlation 
with mechanical properties and is, therefore, a suitable parameter for varietal 
characterization. 
Concepts of the formation and origin of the convolutions and reversals 
in cotton fibers have been examined. An interesting observation regarding 
the origin of convolutions and reversals from meteorological data has been 
made and it has been suggested that both these phenomena in cotton may be 
related to environmental factors. 
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Chapter 2 
2. REVIEW OF LETERATURE 
2.1. Morphology of Cotton Fibers 
The cotton fibers grow as hairs by protrusion from single epidermal 
cells on the cotton seed coat. Fiber formation begins during or shortly after 
the flowering of the plant. The hair cell assumes its full diameter on the day 
of the flowering but the increase in length continues for 15 to 25 days and 
sometimes up to 30 days depending on the variety of cotton and the 
environmental conditions of growth [1,2]. At the end of the lengthening 
phase, the secondary thickening phase begins during which an inward 
thickening of the fiber occurs with successive deposition of diurnal cellulose 
layers for the next 25-40 days [3,4] and sometimes even more depending 
upon the variety and the environment. These layers are often described as 
secondary growth layers as shown in Figure 2.1. When the boll ceases to 
develop, it bursts open and the fibers begin to dehydrate. 
The dehydrated cotton collapses into a flat translucent tube 
characterized by natural twists called convolutions. The convolutions have 
been reported to be changing directions of twists at some places almost 
irregularly along the length of the fiber. Wide range of variations within a 
variety and between various varieties does not allow a variety 
characterization by measuring them [5]. It is understood from the present 
knowledge of the structure of cotton fiber that there is an outer layer called 
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Figure 2.1. A morphological diagram of cotton fiber. 
the cuticle consisting of wax and pectic materials and has been shown to be 
"Non-Cellulosic". Beneath the cuticle is the first thin cellulose wall called 
the "Primary Layer" and has a criss-cross structure of cellulose micro fibrils 
[6]. The secondary growth layers that are deposited after the growth of the 
primary wall and the cuticle is completed which consists of fibrils of pure 
cellulose that are laid down in a spiraling way about the axis of the hair. 
Cellulose crystallites in these secondary layers have also been reported to be 
changing their direction of orientation several times along the length of the 
fiber [7,8]. 
2.2. Length of Cotton Fibers 
Requirements of increased fiber length and their uniformity for an 
uninterrupted production in spiiming and processing have been well 
demonstrated. The length of raw cotton fibers is, therefore, a very important 
fiber characteristic, which shows vast variations. The coefficient of 
variation in cotton can be up to 40%. This variability is predominantly 
biological in origin although envirormiental conditions at the place of growth 
also markedly affect the length [9]. There is no practical method in sight at 
the moment to avoid this variability in natural fibers although marginal 
improvements for greater length uniformity by breeding methods are still 
possible and are being worked out at most Cotton Breeding Centers. 
The strong association between the length of cotton and technological 
properties has long been recognized and, therefore, the use of reference 
standards for commercial transactions and the utilization of expert services 
of cotton classers have come to stay in the cotton industry even today. The 
judgment of the length by cotton classers or graders is subjective and varies 
from individual to individual. To estimate the length correctly, it is, 
therefore, essential to adopt a quantity indicative of staple length, which 
should be definite and the method of determination, almost free from errors 
of personal judgment. Amongst the various measures of expressing fiber 
length, mean, upper half mean, upper quartile, effective length and half fall 
value have been frequently used in various countries, but the mean fiber 
length and the 2.5% span length in relation to determination of length with 
the digital fibro-graph are now being universally used. Out of several 
methods and instruments, the most obvious and reliable method of fiber 
length measurement is to straighten the fibers from the sample one by one 
over a suitable scale under suitable illumination and background contrast 
conditions and measure their lengths directly. This is essentially a method 
used by research workers and is of particular importance to a cotton breeder 
in a situation when selections are to be made from single plants. The 
instruments, which are generally used for determining fiber length in India, 
are Balls Sledge Sorter [10]. 
Several other instruments for measuring lengths of fibers have been 
described in the literature [11] and yet new instruments continue to be 
developed that make it possible to mechanize laboratory intensive tests or to 
automate them and improving their accuracy through elimination of manual 
intervention. One such modem semi-automatic instrument for stapling 
cotton has been developed in the U.S.S.R. and reported to be in extensive 
use in Poland and U.S.S.R. Fiber length values obtained for the same sample 
of cotton by Modem Auto Sampler and Digital Fibrograph as 2.5% span 
length have been reported be in fiill agreement with each other. It may, 
u 
however, be mentioned here that there are no reports in the published 
literature, establishing the absolute superiority of one method over the other. 
2.3. Fineness and Maturity 
The fineness of cotton fiber influences the textile processing 
performance as well as yam and fabric properties. Finer fibers contribute to 
greater regularity and higher strength in yams and greater smoothness in the 
fabrics. Fineness is essentially associated with smallness of cross sectional 
dimensions but it also refers to the weight per unit length, ribbon width, 
swollen diameter, perimeter, end surface area per unit mass and is usually 
expressed in terms of microgram per inch of fiber length. Fineness may also 
be expressed as millitex i.e. microgram per meter or denier as weight in 
grams of 9 Km of fiber. Fiber geometric fineness is a vitals characteristic 
and generally short staple cottons are coarser than long staple varieties [12]. 
Fineness of cotton fibers can be determined either by direct methods such as 
gravimetric, geometric, dimensional etc. Some of these methods are 
applicable to single fibers, while the majority of them deal with a mass of 
fibers. Since, there is a considerable variation in the linear density from 
fiber to fiber and even amongst the fibers of the same seed as a result of 
variations due to physiological and environmental factors, single fiber 
methods are extremely time consuming and laborious because a large 
number of fibers are to be tested to get a fairly reliable average value. These 
methods, however, are of interest to those who have special interest in the 
study of variation of fineness fi-om fiber to fiber. These are also of great 
importance to cotton breeders in single plant selections when fineness is a 
special consideration. 
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Mass fineness is affected to a large extent by the maturity of fibers 
and ultimately by the wall thickness. However, geometric fineness is 
undoubtedly vital characteristic [13]. Linear density is sometimes used as a 
descriptive term for finehess and it is well known that finer fibers have 
higher tenacity. Maturity of cotton fiber is also one of the important 
parameters that attract the attention of the cotton breeders, buyers and the 
manufacturers almost equally. Fiber maturity is generally regarded as 
meaning that the fiber wall has developed to an acceptable level of 
thickening (secondary thickening). All the fibers do not grow in the same 
manner and if the growth conditions are favorable most of the fibers become 
mature and have relatively thicker walls. However, fibers, in practice, fi-om 
different localities, different fields, different plant, and different bells and 
fi-om early or late flowering bolls and even fi-om different places of the same 
seed differ markedly in the patterns of their cell wall development [14]. 
Fiber maturity and the amount of immature fibers in a cotton crop 
affect markedly the appearance and value of raw cotton, its technical 
performance in spinning and ultimate quality of the finished textile products. 
Although, qualitative assessment of fiber maturity has long been practiced 
by the cotton classers and graders from examination by eye and hand 
judgments, the need to express the assessment of fiber maturity on a 
numerical basis and to obtain reproducibility for all classes of cottons had 
stimulated the development of diverse methods of testing. Today, various 
methods such as microscopic, chemical and pneumatic have been developed 
for the determination of maturity but so far none of these methods has found 
worldwide acceptance [15]. Besides being subjecfive, slow and tedious, all 
these methods give different maturity indices for the same cotton and 
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different relations with the Micronaire Value. The methods of evaluating 
maturity of cotton fibers have been excellently reviewed and described in 
detail by several authors [16]. The Micronaire Apparatus is generally 
regarded as satisfactory for its speed and simplicity. 
2.4. Convolutions and Convolution Angles 
Cotton fibers collapse into flat convoluted tubes after the bolls open to 
the atmosphere. The extent of the collapse of the original fiber is 
determined by the thickness of the cell wall. The thicker is the wall, smaller 
is the collapse. Very thin-walled immature dead fibers and also the highly 
mature thick secondary wall deposited cottons show either absolutely no 
convolutions or relatively very few convolutions. Fibers with average cell 
wall thickness show maximum convolutions [17]. There are fewer 
convolutions in Gossvpium Herbacoum and Gossvpium arboreum cotton 
fibers than in Gossvpium hirsutum and Gossvpium barbadense varieties. 
The number of convolutions per centimeter varies from about 60 for Desi 
Indian Cottons to about 120 for Sea Island Cottons. The uniform 
distribution of convolutions helps to give better inter fiber gripping, in 
addition to making the fiber equally flexible in all directions and preventing 
close packing of fibers in yams, thereby giving better cover in a cloth [17]. 
Convolutions have been studied for several decades from the point of view 
of their technological importance and usefulness [17], nature of origin and 
yet no definite advantage of these convolutions has been documented so far. 
The predetermination of the number of convolutions and their distributions 
along the length, have also been proposed [15] although no precise 
physiological experiments have been reported to substantiate this. Other 
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investigators explain convolutions as a result of the spirality of the cellulosi 
molecules and the crystallites of the secondary wall layers having opposed 
spirals [18]. Whereas the convolution length and angle and their distributio 
still continue to be measured in fiber researches, it is quite evident that no 
classification of cotton is possible on the basis of this distribution [8]. 
Convolution angles and the number of convolutions have been shown to 
influence the orientation measurements by X-Rays [19] and also the fiber 
strength [20]. 
Betrabet [21] has proposed a quick method of measuring the 
convolutions by measuring them in the central one centimeter length of a 
cotton fiber, instead of counting them over their full length and taking 
average of several observations. However, the frequency of convolutions 
tend to change very much between the middle, base and tip of the fibers, 
suggesting that it might be advisable to measure them over full lengths oft) 
fibers and taking the average per unit length of all the readings. A simple 
procedure of measuring the degree of fiber convolutions fi-om the Azimuth 
Intensity Scans of reflected light from the surfaces of parallel arrays of fibe 
has been described [14] which also showed that the level of convolutions i 
determined by the perimeter and cell-wall thickness of the fiber. 
2.5. Moisture Absorption 
Cotton is a hygroscopic material, which absorbs moisture when 
transferred from a dry state to a humid atmosphere and desorbs when the 
conditions are reversed. The rates of absorption and desorption curves 
follow different courses and the phenomenon, known as hysteresis, is a 
characteristic of the moisture relations of cotton [23]. Changes in moisture 
content of cotton are associated with the increase in weight and, therefore, 
are important in commercial transactions. Moisture content is expressed by 
two methods as percent moisture content and percent moisture regain 
(M.R.), however, the hygroscopicity of cotton depends upon its structure and 
chemical composition. Such differences are narrowed if cotton is previously 
boiled in water to remove non-cellulosic water-soluble impurities. Coarser 
cottons absorb moisture at a slower rate than the finer cottons and also the 
finer cottons tend to desorbs moisture at a faster rate than the coarser 
varieties [24]. In passing from dry to wet state, cotton fibers increase by 
1.2% in length and 14% in diameter, affecting thereby the fineness and the 
tensile properties [11]. Extension at break and strength of cotton fibers 
increase with the increase of moisture content whereas the Young's modulus 
decreases considerably [11]. The swelling of cotton increases linearly with 
temperature and humidity until it is maximum at 100°C and 100% R.H. [26]. 
Convolutions, which are partially eliminated on wetting, reappear on drying 
the fibers [22]. Refractive index of fibers also changes with moisture [14] 
and changes in the electrical properties form the basis of the quick indirect 
methods to measure moisture content [27]. Electrical conductivity is known 
to double in its magnitude with about every 4% rise in relative humidity 
[28]. 
Increased moisture content in cotton adversely affects most of the 
fiber properties due to pathogenic attack during storage before processing. 
Also, the effect of intense light lowers the strength of cellulosic fibers as has 
been shown by Brown [29]. Even the direct methods of determining 
moisture content in fibers, though accurate, are very tedious and time 
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consuming. The indirect electrical methods, however, indicate the 
percentage moisture content of the sample almost instantly with reasonable 
accuracy and several such instruments have been described in the literature 
[29]. 
2.6. Fine Structure of Cotton Cellulose 
Cotton fiber is constituted of nearly pure cellulose and the cellulose 
content is estimated to be about 94%. The elucidation of the fine structure 
of cellulose is a complex problem, which still remains unresolved, in spite of 
being perhaps the most widely studied polymer in detail. The chemical 
structure of cellulose has been established to be poly-(l-4)-13-D-
anhydroglucopyranose (Figure 2.2a). These glucose units are six-member 
rings, which can assume either a boat or a chair conformation according to 
their energy levels. However, it has been established from conformational 
studies [27] that the pyranose rings assume chair form in preference to the 
boat form because of internal strain in the latter (Figure 2.2b). The degree 
of polymerization (DP) for native cotton cellulose has been estimated to be 
approximately 3000-5000 [30] whereas other estimates of the degree of 
polymerization of cotton are as high as 5000-13000 [19]. The molecular 
chains were previously thought to be rigid but it is now believed that the 
inherent flexibility of the cellulose backbone is similar to that of the typical 
synthetic fibers. It is also expected that the molecular chains aggregate in 
extended and not folded form into elementary fibrils, which in turn, combine 
to form a micro-fibril. The fibrils are believed to be 4 nm to 30 nm wide [8] 
and the evidence in this respect is wholly from electron microscopic studies. 




CH2OH Jn (a) 
Fig.2.2. The chemical structure of cellulose (a) and (b). 
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intercepted at regularly spaced intervals with an average distance of about 50 
nm so that the fibrils contain the sequence of slightly mismatched crystal 
blocks with the same axial orientation of the cellulose chains but differing 
from each other in the orientation of the a and c axes. On the basis of the X-
Ray diffraction studies, the unit cell of cellulose-I has been worked out to be 
monoclinic with a, b and c dimensions as a = 8.35 A°, b = 10.3 A", c = 7.9 
A° and p = 84° [31]. The elementary fibrils, however, owing to physical 
coalescence resulting from a reduction in surface free energy can occur in 
bundles of larger diameter of about 100 nm in width and are called the micro 
fibrils. 
The cellulose chains in the secondary grovrth layers of cotton are 
closely packed and are held together by strong inter-molecular hydrogen 
bonds. These cellulose fibrils are deposited in a characteristic helical 
fashion. The angle of the helix with respect to the fiber axis varies along the 
length of the fiber although some workers believe that this angle is constant 
at 22° [15]. The exact manner in which this deposition of cellulose takes 
place during the development of the secondary wall in cotton is still subject 
to speculation and is not clearly understood. However, the work of 
Hadwich et al. [15] shows that the secondary wall is deposited at a rapid rate 
over the entire surface of the cotton fiber and that the cellulose synthesizing 
centers move in the plane of the plasma membrane spinning out micro fibrils 
while moving along a slow helical path towards the either end of the fiber 
such that the thin lamellae of uninterrupted micro fibrils are produced. The 
helices of these lamellae are alternately left handed and right handed. The 
helical axis of the fibrils with respect to the fiber axis is believed to change 
direction several times along the length of the fiber. This point referred to as 
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the structural reversals are a unique feature of cotton fibers and is absent in 
other natural cellulosic fibers. The fibrillar orientation at the reversal points 
has been reported to be highest [10] and consequently the strength of the 
fiber is also lowest at these reversal points. 
The cross sectional shape of the fibrils fi-om electron microscopic 
evidence is also a matter of controversy [8]. Bayley and Bishop [32] 
described the micro fibrils as flattened ribbons. Muhlethaler [33] implies 
that the elementary fibrils are square in cross-section whereas some other 
suggests these to be rectangular in cross-sections. Willison and Brown [34], 
however, maintain that there is no difference between primary and 
secondary wall micro-fibrils as regards to their cross-sectional dimensions. 
The cross-sectional shape of the larger units depends upon the mode of 
aggregation of the elementary fibrils. It is clear, however, that no decisive 
conclusion can be drawn on this issue purely fi-om electron microscopy and 
the evidence should be considered as suggestive rather than conclusive. It is 
generally believed [13] that though one-third of the total molecules 
constitute the amorphous phase, cotton is essentially crystalline and the 
disorder is mainly due to the fact that small crystalline units are imperfectly 
packed together. The structure, therefore, of the cotton cellulose is 
considered to be paracrystalline. Kulshrestha et al. [35] obtain evidence 
from the X-Ray Diffraction Line Profile Studies for the existence of 
paracrystallinity in the axial direcfion of fibrous cellulose [35]. 
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2.8. Electron microscopy 
The use of transmission and scanning electron microscopy is being 
increasingly made these days to study the external forms of fibers and the 
effect of processing treatments on them. These methods offer higher 
resolution and great depth of field whereas the preparation of specimens for 
scanning electron microscopy is comparatively easy and less time 
consuming. The transmission electron microscope allows the study of 
individual fibers at relatively higher resolution with several constraints in the 
specimen preparation. The three most widely used methods for transmission 
electron microscopy of cotton cellulose are: 
(i) preparation of thin casts of fiber surfaces or replicas, 
(ii) thin longitudinal and transverse sections of fibers and 
(iii) fragmentation of fibers by various techniques and the observation of the 
resultant slurry by negative staining and shadow casting techniques. 
Earlier attempts to study cotton fibers directly in the electron 
microscope remained unsuccessful [19] because the fiber would swell to 
many times its diameter in the electron beam before finally bursting and 
collapsing. Fiber profiles or "Silhouette" could later be examined by 
depositing on the fibers a thin layer of electrically conducting carbon or 
metal to counteract the effect of heating and electrostatic charging of fibers. 
Such limitations to the direct observation of fibers in a transmission electron 
microscope led to the development of the ingenious techniques of preparing 
thin replicas of the bulk surfaces and fibers. Both the single stage and multi-
stage replicas have been reported to give good results [36] although the 
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selection of the method does affect the resolution of the replica [37]. 
Shadowed replicas in the transmission electron microscope give 
photographs, which are near faithful reproductions of the fiber surface. 
Bradley [35] summarized the various replica methods in general use 
while Rollins [36] described in detail those most frequently used on cotton 
fibers. Replica methods showing excellent details of fiber surfaces have 
been reported [36] although these cannot be used in the routine testing [35]. 
Most of the problems in textile processing and finishing of fibers involving 
morphological studies can be satisfactorily resolved these days with 
scanning electron microscopes [35] with minimum efforts in preparation of 
specimens for observation. However, the limitation of resolution of details 
by scanning electron microscope put the replication procedures for 
transmission electron microscopy in an advantageous position. Details of 
the order of 2 nm to 3 nm fi*om carbon surface replicas have been claimed 
[35]. Surfaces of untreated cotton fibers, earlier expected to show inherent 
inter-species morphological variations, have been observed to be similar in 
their morphology by electron microscope replica technique. 
For ultra structural details of the otherwise thick cotton fibers, ultra 
thin sectioning is generally resorted to. Excellent texts available [37] 
describe the technique of ultra thin sectioning. Difficulty is often 
experienced in cutting thin sections of cotton fibers mainly because of poor 
bonding and poor impregnation of the modem embedding resins and heavy 
compression in sections during cutting. Thin sections around 50-60 nm can 
still be managed with skill at low cutting speeds but not without difficulties. 
Thin sections of cotton fibers do not generally show any details but 
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pretreatment of fibers using micro solubility techniques summarized by 
Rollins et al. [36] can, however, resolve the structural details to some extent. 
The layer expansion technique on thin sections developed and extensively 
used by Rollins et al. [36] is of special importance in comparing fibers from 
different textile finishing treatments and in understanding the relative bond 
strengths in treated cotton cellulose. The third most widely used method is 
observing mechanically or ultrasonically disintegrated cotton cellulose with 
positive and negative staining techniques in a transmission electron 
microscope. Ultrasonic disintegration at frequencies above 25 kHz is 
generally preferred in that the fiber is expected to break away along weak 
bonds and so reveal the shape and size of the structural building units. The 
characteristic manner in which the fragmentation of fibers takes place, 
furnishes clues about its structural organization. The major features 
observed are rupture patterns e.g. whether abrupt, fi-ayed or splintered, 
whether fibrils are fused or discrete and whether the debris is speculate, 
granular or amorphous. The choice of the liquid in which the fibrillation is 
done, has been found to be very important. Cotton fibrillates easily in water 
and more so in a mild alkaline solution of sodium hydroxide. 
The most widely used electron stains are osmium tetroxide, uranyl 
acetate, uranyl formate and compounds containing lead, tungsten, 
molybdenum and silver. Because of their crystalline nature, cellulose fibrils 
are not easily stained and caution must generally be exercised in interpreting 
the results [39]. Negative staining has, however, been extensively used in 
determination of the width of elementary fibril. The references in this aspect 
are too numerous to be listed here and the extensive data has been 
excellently reviewed and summarized by Warwicker et al. [40]. Fragmented 
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fibril widths reported range from 3.0 nm to as high as 30 nm but more 
commonly as 3.5 nm from a variety of cellulose sources. Excellent pictures 
of ultra-structural details of cotton fibers using freeze fracture replica 
technique have recently been published [41]. 
2.8. Fiber Strength and Other Mechanical Properties 
The strength of cotton fibers is perhaps their most important and, 
therefore, the most widely studied mechanical property. This can be 
measured in different ways and the best method of expressing strength has 
been a topic of debate for years. Fiber strength is usually measured either 
the strength of a bundle of fibers or as the strength of a single fiber. The 
determination of single fiber strength is very tedious, time consuming and 
requires a considerably large number of observations for a statistically 
representative average of a test sample. The strength of fibers in bundles is, 
however, relatively easy to determine. Several instruments have been 
described to measure the bundle strength of fibers and the most common of 
these are Stelometer [42,43], Scott Clemson Tester [44], Chandler Bundle 
Strength Tester [45] and Pressley Strength Tester [43,46]. Sundaram and 
Iyengar [47] have given a brief summary of these methods. Single fiber 
strength determinations are similarly done on various instruments generally 
working on the principle of constant rate of loading or constant rate of 
extension [29]. The most popular testing instrument is the Instron Tester. 
Strength of cotton fibers singly or in bundles varies with the test length of 
the specimen, rate of loading and the atmospheric conditions of temperature 
and humidity during the test, agro climatic conditions during growth, 
conditions of storage before test and the methods used for separating the 
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fibers from the seeds [37]. Strength of cotton is not correlated with fiber 
diameter or number of convolutions but within the same variety is associated 
with wall thickness [47]. The long and fine cotton tends to have greater 
tensile strength than the short and coarse fibers. The importance of cotton 
fiber structure and molecular orientation in relation to the mechanical and 
textile performance properties was recognized very early. Strength and 
elastic modulus increase with increasing orientation and fibers of markedly 
different stress-strain properties can be obtained by selection on the basis of 
X-Ray orientation. Considerable scatter in these correlations, however, 
reflects the complexity of factors controlling strength of cotton fibers. 
Strength orientation correlations have been reported to improve within 
species of cottons [18]. However, Sundaram £ind Nanjundayya [48] found 
that a common regression line could be fitted to the results irrespective of 
the species and others [8] have done an excellent review of strength-
orientation relations of cotton fibers. Hunshi et al. [49] have discussed the 
relationship between single fiber strength and bundle strength at I/8th gauge 
length. The extension at break has been found to be correlated with the X-
Ray angles [33] and in general the native cellulose fibers have very low 
extensions to break but quite high breaking strengths. The effect of spiral 
reversals on the strength of cotton fibers has not been settled satisfactorily 
and a complete understanding of their relation has still not emerged. 
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3.1. Samples and Sample Preparation 
3.1.1. Samples 
The cotton varieties studied in the present investigations have been 
listed in Table 3.1. The cotton varieties were collected, keeping in mind the 
basic objective of the present investigation viz. varietals characterization to 
help cotton breeders for screening cotton varieties for their quality-breeding 
program. The studies have been purposefully confined to the Gossvpium 
hirsutum species as the varieties of this species form the main stay of the 
present production of long staple cotton in India. Moreover, inter species 
variations can result in a number of differences in structure, physical 
properties and the inclusion of other species would have enlarged the scope 
of the work making it unwieldy. The majority of these varieties were 
collected from the cotton breeders at the Indian Agricultural Research 
Institute, New Delhi. Also, a small number of samples were collected from 
the cotton breeding centers in the states of Gujarat, Kamataka and Tamil 
Nadu. All the varieties were grown in the crop year 2001 at the locations 
given in Table 3.1. The breeders also provided ginned cotton fiber samples. 
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3.1.2. Sample Purification 
Cotton fibers of the test samples were purified to remove waxes, 
pectic substances and fats by extraction at room temperature witii carbon 
tetra chloride (CCI4) for six hours followed by extraction in methanol 
(CH3OH) again for another six hours. The samples were then dried at room 
temperature and boiled in 2% aq. sodium hydroxide (NaOH) solution under 
pressure for three hours, maintaining the volume close to a constant value by 
periodically adding fresh distilled water. Fibers were then neutralized with 
O.l M hydrochloric acid (HCl) for one hour and finally washed thoroughly 
with distilled water and dried at room temperature [1]. Though purified 
fiber samples were used for most of the tests carried out in these studies, 
unpurified samples were also used in some cases. 
3.2. Characterization 
3.2.1. Mean Fiber Length 
Staple length measurements on the twenty-four unpurified cotton 
varieties were made with the help of the Balls Sledge Sorter [2]. At the end 
of a few cycles of operation, the fibers lying in each length grade were 
collected and weighed. If Wi, W2, W„ are the weights of the 
fiber groups of length grades Li, L2, L3, Ln, respectively, then the 




3.2.2. Fiber Fineness and Maturity Coefficient 
The Micronaire Airflow Apparatus was used in the present 
investigation for determining the fineness and maturity coefficients [2]. 
Measurements were made on unpurified cotton samples conditioned in a 
laboratory maintained at 65% R.H. and 22°C. The Micronaire Value for 
cotton fibers is a complex function of linear density and maturity (wall 
thickness) and the results are expressed for many commercial purposes in 
Hg/inch or millitex. The values obtained in ng/inch for the present set of 
cotton varieties studied were converted into millitex by using the following 
conversion factor: 
Fineness in millitex = 39.37 x M (2) 
where M is the fineness in i^g/inch. 
Since the resistance offered to airflow by a plug of cotton fibers 
depends not only on fiber fineness but also on maturity, the Micronaire 
Apparatus was again used for determining the maturity values of the cotton 
samples under study. The regression equation: 
M = 0.1694 X-0.4439 (3) 
was used where M is the maturity coefficient and X is the difference in 
Micronaire Values with and without the spacer. The instrument was 
previously calibrated for a set of standard cottons of known maturity values 
obtained fi-om the Cotton Technological Research Laboratory, Bombay. 
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3.2.3. Measurement of Convolutions and Convolution Angles 
A parallel array of individual cotton fibers was mounted on a clean 
glass slide by gripping the ends with the help of small drops of quick fix 
adhesive. A narrow ruled paper sheet was used below the glass slide as a 
guide for mounting. The numbers of convolutions were measured over the 
entire lengths of fibers under a Zeiss-Winkel Optical Microscope using a 
micrometer graticule. Fibers were flooded with few drops of bromo-
naphthalene as mounting medium under a clean cover glass slide placed over 
the fibers. Over sixty fibers of each variety were scanned and the average 
number of convolutions per centimeter was determined. The ribbon width 
measurements were done at various places along the length of the fiber, 
simultaneously with convolution counting. 
Over two hundred observations for ribbon width were done for each 
variety and the average was taken. The convolution angle 9 was obtained by 
using Meredith's Expression: 
Tane =(n /2)(D/C) (4) 
Where D is the ribbon width and C is the pitch of the convolution (Figure 
3.1). {D/Q represents the average value of (D/C). Magnifications of lOOX 
and 400X were used respectively for the counting of convolutions and 
measuring the ribbon width. 
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IT f D n e = f (^) 
Figure 3.1. Convolution and convolution angle cotton fiber. 
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3.2.4. Moisture Absorption 
Hand cleaned unpurified cotton samples were conditioned at 65% 
R.H. and 22°C for six hours and the moisture absorption was determined 
with a Marconi TF 933-A Moisture Meter operating on the principle of the 
change of electrical conductivity with the change in moisture content. The 
instrument has an accuracy of ±0.5% moisture content. 
Conditioned cotton fibers were filled into the test cell until the fibers 
were compressed to about 1/16 inch thick pad. The moisture content was 
then directly read from the instrument scale and recorded. 
3.2.5. Fiber Bundle Strength 
Pressley's Apparatus has been used for bundle strength measurement 
in the present study. A parallelized bundle of fibers in the form of a flat 
ribbon of about 1/4 inch wide, prepared by combing a tuft of fibers was 
placed between a pair of clamps held in a special vice. After the clamps 
were closed, the protruding portions of fibers were trimmed off with a sharp 
blade so that only a fixed length of the fibers was held between the clamps. 
In the present study, the nominal zero gauge length was used. The clamps 
were inserted in the slots at one end of the instrument and were adjusted in 
such a way that the inclination of the track for the loading carriage was 1V2 
to the horizontal and the carriage traveled from the 5 lb mark to the 20 lb 
mark in one second. When the rolling weight is released, its movement 
along the beam causes increased pull between the parts of the two clamps. 
When the tension reaches a value sufficient to break the fiber bundle, the 
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parts get separated and the incidental release of the beam causes the moving 
weight to come to stop immediately. The breaking load was measured from 
the calibrated scale in pounds on the beam. The broken fibers were 
collected and accurately weighed in milligrams and the ratio of the breaking 
load in lb to mass of the bundle in milligrams was recorded as the Pressley's 
Strength Index. Ten observations of each variety were recorded and the 
mean was determined. The mean value of the bundle strength was converted 
into Newton/tex. 
3.2.6. Tensile Testing of Single Fibers 
The load elongation curves of single cotton fibers were recorded on an 
Instron 1112 Table Model Tensile Tester, fitted with pneumatic jaws. The 
gauge length was kept at 1cm and the strain rate maintained at 50%/min. 
Over 170 observations were made and the mean values were taken for each 
variety of cotton. The entire work was done in a temperature and humidity 
controlled laboratory (Temp. 20±2°C, R.H. 65±2%) after conditioning the 
samples for over six hours. Fig. 3.2 represents the typical load-elongation 
curve for a single cotton fiber. The values of initial modulus, tenacity, 
extension at break and toughness were computed by the usual method from 
the load elongation curves, using the following relations: 
Breaking load (g) 
Tenacity = (5) 






Figure 3.2. Typical load-elongation curve for a single cotton fiber. 
40 
(Extended length at break-Original length) X 100 
%E.B.= (6) 
Original length 
Braking load (g) X Ultimate elongation % 
Toughness index = (7) 
2 (denier) X 100 
Initial Modulus = Initial stop of the stress - Strain curve (8) 
Tenacity 
Secant Modulus = (9) 
Strain at break 
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Chapter 4 
4. Result and Discussions 
4.1. Physical and Fine Structural Characteristics 
In this chapter, data on the physical mechanical properties and fine 
structural characteristics of the twenty-four cotton varieties listed in Chapter 
3, Table 3.1 will be presented and discussed. Inter-relationship between 
various parameters will also be included in the discussion. The experimental 
techniques for measuring these parameters have already been described in 
Chapter 3. The data on the physical characteristics are presented and 
discussed in the forthcoming sections. 
4.1.1. Mean fiber length 
As may be seen from the Table 4.1, the fiber length as measured with 
Ball Sledge Sorter for the twenty-four-cotton fiber varieties ranges from 2.27 
cm to 2.87 cm, which represents a variation of about 25%. Both inter- and 
intra- variety variations in lengths are very common and it may be noted that 
the efforts are being made to minimize such length variations to ensure 
greater fiber uniformity by genetic manipulation and selective breeding of 
cotton varieties at various cotton breeding centers in the world. 
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4.1.2. Linear Density 
Table 4.2 lists the values of linear density measured with the 
Micronaire apparatus in respect of the twenty-four cotton varieties studied. It 
may be observed from the Table 4.2 that linear density values vary between 
110.89 mtex. to 201.79 mtex. The range of linear density values is from 
133.86 mtex to 201.79 mtex for the twenty cotton varieties grown under 
identical agro-climatic condition at the Indian Agricultural Research 
Institute farm, New Delhi. There is no significant correlation between linear 
density and mean fiber length in the case of these samples. 
4.1.3. Maturity Coefficient 
Table 4.3 lists the values for the maturity coefficients measured with 
the Micronaire apparatus. It was observed that the maturity values vary 
within a narrow range of 0.71 to 0.78 except for only one variety, viz. 
Deviraj, whose maturity coefficient is 0.63. The small differences in 
maturity values observed for these samples are, therefore, not expected to 
significantly affect other fiber properties. It may be seen from the table that 
for a comparable maturity of fibers, the considerable differences observed in 
the linear density values imply an inherent genetic variability of fiber 
varieties. Fibers do not grow in the same manner even under best conditions 
of growth and even within the highest grade, individual fibers vary greatly 
in their extent of wall thickening. Fibers from different fields, localities, 
different plants, different bells on the same plant and even from different 
parts on the same seed have been shown to differ markedly in the pattern of 
the cell wall development, because of the factors yet unknown [1]. Maturity 
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has been observed to correlate significantly with linear density with a 
positive correlation (r) of 0.896. It may be noted that a very good 
correlation between wall thickness and linear density has been reported by 
Patel et al. [2]. Detailed analysis of fineness-maturity relationship shows that 
some improvement in fineness can be secured by sacrificing maturity [3], 
and it is always desirable to arrive at an optimum level of fineness and 
maturity to secure acceptable processing behavior of fibers [1]. Fiber quality 
considerations generally discourage cotton breeders from securing highly 
mature fibers but the superior performance of the mature fibers during 
mechanical processing and dyeing justifies high maturity level as one of the 
prime considerations in cotton breeding. 
4.1.4. Number of Convolutions and Convolution Angles 
Table 4.4 and table 4.5 give the values of the number of convolutions 
per centimeter and convolution angles respectively in respect of the twenty-
four cotton varieties studied. The convolutions/cm and convolution angle are 
highly correlated (r=0.796) that shows no significant correlations with other 
physical properties in the present investigation. Convolutions are believed 
to be essential in preventing fibers from slipping in a yam, yet their 
importance in technological performance of fibers is not yet clearly 
understood [4]. Convolution angle and maturity have been reported by some 
authors to be well correlated [5, 6]. However, no such significant correlation 
has been found in the present set of samples. 
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4.1.5. Moisture Absorption 
Table 4.6 gives the values of moisture absorption for unpurified 
cotton samples. The values vary between 5.5 to 7.1% and its correlations 
with structural parameters will be discussed later. 
4.2. Mechanical Properties and their Dependence on Structure and 
Morphology 
The mechanical properties of textile fibers in general, and of cotton 
fibers in particular, are dependent on their fine structure and morphology. 
However, the relationships are often complex and the field is fiill of 
controversies even after many years of research. No general concepts are, 
therefore, applicable to the whole spectrum of cellulose fibers [2]. 
The mechanical properties of the twenty-four varieties of cotton 
fibers, measured on Instron Tensile Tester and on Pressley Strength Tester 
are presented and discussed. The mechanical property data are summarized 
in tables and the individual parameters analyzed and discussed below. 
4.2.1. Initial Modulus 
The values of initial modulus as obtained fi-om Instron studies of 
cotton varieties are shown in Table 4.7, The range of values is found to vary 
from 3.02 N/ tex to 5.51 N/tex. For the twenty varieties grown at the Indian 
Agricultural Research Institute Farm, New Delhi, under identical agro-
climatic conditions, the values range between 3.52 and 5.51 N/tex. 
50 
Table 4.6 




























M C U - 8 
Deviraj 








Lunckart - 57 
Bekaneri Nerma 
LH-299 
D - 4 0 
SV-213 
SV - 213 American Nacteriless 
American Nacteriless SV -213 
C I - 2 0 x 8 1007 
Acala 4-42 x Lankart - 57 
R i b a B - 5 0 x C l - 2 0 
B-1007xLancart-57 
K-2421 X SV-213 
D-33 
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Lunckart - 57 
Bekaneri Nerma 
LH-299 
D - 4 0 
SV-213 
SV - 213 American Nacteriless 
American Nacteriless S V -213 
C1-20XB1007 
Acala 4-42 x Lankart - 57 
Riba B - 50 X CI - 20 
B-1007xLancart-57 
K-2421 X SV-213 
D-33 


























The initial modulus of cotton has not been as extensively studied as its 
strength. This is unfortunate since an analysis of initial-modulus results can 
perhaps lead to some knowledge about the deformation mechanisms in the 
fiber and also throw some light on the role of various structural parameters 
in determining mechanical properties. 
The initial modulus is measured at very low strains, since linearity of 
the stress strain curves is observed in fibers only below 0.5% strain [4]. It 
will be interesting and useful to be able to understand how deformation takes 
place in the fiber at such low strains and what is the nature of the deforming 
unit? There are two ways in which this problem can be approached. It may 
be assumed, firstly, that the fiber has a distinct two-phase structure and, 
secondly, that the two phases cannot be clearly distinguished and the fiber 
has therefore to be treated as having a single phase. Both these approaches 
will be considered. 
In a two-phase system, it will be generally expected that the value of 
the initial modulus will reflect the property of the most compliant part of the 
fiber system, and this is believed to be the amorphous part. In fact, it has 
been demonstrated [4] that the amorphous regions dominate their 
mechanical properties in synthetic fibers. 
4.2.2. Tenacity of Single Fiber and Bundle Strength 
The strength of cotton fibers, being an extremely important property, 
has been extensively studied, and the main factors that determine the 
strength are the molecular weight, orientation, and number of reversals. 
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Table 4,8 and Table 4.9 presents the bundle strength values for all 
cotton varieties studied. It may be observed that the bundle strength values 
are higher than the single fiber tenacity values. These differences might arise 
from the differences in the gauge lengths in the two cases i.e. zero gauge 
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SRT-lG.Cott . -100 
B-1007 
H-14 
Riba B - 50 




Lunckart - 57 
Bekaneri Nerma 
LH-299 
D - 4 0 
SV-213 
SV - 213 American Nacteriless 
American Nacteriless SV -213 
C1-20XB 1007 
Acala 4-42 x Lankart - 57 
Riba B - 50 X CI - 20 
B-1007xLancart-57 
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Table 4.9 
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Acala 4 -42 
K-2421 
American Nacteriless 
C I - 2 0 
Lunckart - 57 
Bekaneri Nerma 
LH-299 
D - 4 0 
SV-213 
SV - 213 American Nacteriless 
American Nacteriless SV -213 
C1-20XB1007 
Acala 4-42 x Lankart - 57 
Riba B - 50 X CI - 20 
B-1007xLancart-57 
K-2421 X SV-213 
D-33 
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